Abstract Most secretory and membrane proteins are properly folded in the endoplasmic reticulum (ER) before being transferred to their functional destinations. Physiological and pathological stresses induce unfolded and misfolded protein accumulation in the ER, termed as ER stress. Under ER stress, cells initiate a protective response to maintain cellular homeostasis, which is referred as unfolded protein responses. Although protein processing in the ER has been known to regulate cell lifespan and disease, few evidences that prove the role of ER stress in plant immunity have been reported. We investigated the interaction between ER stress and pathogenicity in Arabidopsis by utilizing the N-glycosylation inhibitor, tunicamycin (TM) as an ER stress inducer. TM induced the accumulation of PR1 (pathogenesis-related protein 1) and callose in plant leaves, which are markers for PAMP-triggered immunity (PTI) activation. However, TM pre-treatment increased susceptibility of Arabidopsis to all bacterial pathogens tested. Moreover, TM resulted in cell death of plant leaves with an additive effect to hypersensitive response by bacterial effector proteins, suggesting TM-induced cell death is independent of the effector-triggered immunity. These results imply that TM-induced ER stress weakens overall immune system of plant not a specific immune pathway, probably via disruption of post-translational modification of immune-related proteins in the ER and subsequent cell death by apoptosis or autophagy. This study provides proves for the distinct suppressive effect of ER stress on the plant immune system.
Introduction
The endoplasmic reticulum (ER) is a well-characterized protein-folding machine in eukaryotic organisms [1] . Most secretory and membrane proteins are properly folded in the ER before transferred to their functional destinations. The ER is continuous with outer membrane of nuclear envelop and also has a connectivity with other cellular compartments such as Golgi, mitochondria, and plasma membrane. The ER is divided into two types: smooth and rough ER. Rough ER actively involves in protein modification and folding. In contrast, smooth ER is the major site of lipid synthesis and membrane assembly.
Cellular stress conditions including both abiotic and biotic stress activate unfolded and misfolded protein accumulation in the ER, which causes ER stress [2] . Under ER stress, cells initiate a protective response to maintain cellular homeostasis which is referred as unfolded protein responses (UPRs). During ER stress, various UPR transducers export to nucleus and upregulate UPR-responsive genes such as BiP, calreticulin, calnexin, protein disulfide isomerase, and glucose regulated protein 94 to decrease misfolded proteins and induce ER-associated degradation (ERAD) [3] . The protein modification in the ER is maintained by a quality control (ERQC) system that ensures proteins to be in functionally folded state and transported to the target location such as plasma membrane, vacuole, or apoplast [4] [5] [6] . If UPR fails to restore ER homeostasis, cells initiate terminal programs such as autophagy or apoptosis to remove the damage organelles and abnormal proteins [7] .
It has been known that disturbance of ER function can lead to diminished plant development and immunity [8] . In addition, N-glycosylation of proteins in the ER has a critical and selective function in plant immunity, likely through quality control of membrane-localized regulators that play important roles in the recognition of pathogenassociated molecular patterns (PAMPs) or pathogen effector proteins [9] . The plant innate immune system has two major branches: PAMP-triggered immunity (PTI) and effector-triggered immunity (ETI) [10] . Membrane-localized pattern recognition receptors (PRRs) recognize conserved molecules on microorganism called PAMPs (also referred as MAMPs: microbe-associated molecular patterns) [11, 12] and activate a plant innate immune response, PTI [13] . In Arabidopsis, FLS2 (flagellin-sensitive 2) and EFR (elongation factor receptor) are major PRRS that recognize flagellin and EF-Tu, respectively [14, 15] . By sensing PAMPs, PTI induces reactive oxygen species (ROS) production, Ca 2? flux across the plasma membrane, MAPK (mitogen-activated protein kinase) activation [16] , and as a result, callose deposition and defense gene expression (e.g., pathogenesis-related protein 1, PR1) [10] . Subsequently, the accumulation of PR proteins confers systemic acquired resistance (SAR) that expands a local immune response to a resistance throughout the plant against a broad spectrum of pathogens [17] .
ETI is the second branch of the plant immune system. Gram-negative plant-pathogenic bacteria secrete effector proteins directly into a host cell via the type III secretion system (TTSS) to help bacteria infect them and prevent PTI in plants. Pseudomonas syringae pv. tomato DC3000 (Pto) translocates at least 33, and perhaps as many as 50 type III effectors [18] , which are corporately required for pathogenicity on susceptible hosts. Recognition of effectors by receptor (R) proteins in resistant plants results in the activation of ETI that is often associated with hypersensitive response (HR), one kind of programmed cell death, at the sites of infection [19] [20] [21] . Plant R proteins facilitate recognition of effectors from various classes of plant pathogens, and the activation and working mechanism vary in biotrophic and necrotrophic pathogen attacks [22] . This is maintained by the balance between salicylic acid, a local and systemic signal for resistance against many biotrophs, and the combination of jasmonic acid and ethylene accumulation as signals that promote defense against necrotrophs.
The association between UPR, disease, and immunity has not been documented well in plants, while much more information is available in animals. Here, we demonstrate that plants fail to defend themselves against pathogens under an ER stress condition, suggesting that the ER is important machinery for plant immune system.
Materials and methods

Arabidopsis
Arabidopsis thaliana ecotype Columbia-0 (Col-0) were grown in 16-h dark and 8-h light cycle, light intensity 75 lmol m -2 s -1 , humidity 85 ± 1%, and temperature 22 ± 1°C. Seeds were washed with 20% bleach for 5 min in shaking incubator, spun down by centrifuge machine, and washed with autoclaved water for several times. Washed seeds were sown on Murashige and Skoog (MS) medium (Duchefa, Haarlem, the Netherlands) with 1% sucrose and 0.6% agar (Duchefa) (covered with aluminum foil) or small soil pot (covered with dome). After kept in dark room (4°C) for 3-4 days, seeds were transferred to the chamber in the conditions described above. Two-weekold seedlings were transferred to big pots.
Bacterial strains and infiltration
Bacterial pathogens Pseudomonas syringae pv tomato DC3000 containing an empty vector plasmid Pvsp61 (Pto EV), type III effector protein-expressing strains Pto AvrRpm1 (AvrRpm1) and Pto AvrRpt2 (AvrRpt2), type III secretion system-deficient mutant Pto hrcC -(hrcC -), P. syringae pv phaseolicola (Pph), and Erwinia carotovora subsp. carotovora (ECC) were grown in 28°C in King's B (KB) media containing appropriate antibiotics. Tunicamycin (TM, Sigma-Aldrich, St. Louis, MO. USA) was dissolved in dimethyl sulfoxide (DMSO) and diluted with autoclaved distilled water. Four-to six-week-old leaves were infiltrated with chemical (TM or DMSO) 24 h before bacterial inoculation (diluted in MgCl 2 ) using a needless syringe on the abaxial side at the indicated concentrations. Mock-treated plants were infiltrated with 10 mM MgCl 2 alone after chemical treatment. Disease symptom analysis and quantification of bacterial growth were performed at the indicated times. Leaf disks were bored from the infiltrated area, ground in 10 mM MgCl 2 , and serially diluted to measure bacterial numbers. These experiments were repeated at least three times.
PR1 induction and Western blot
Five-week-old leaves were infiltrated with 10 ll/ml DMSO, various concentrations of TM, 10 lM flg22, individually, or co-infiltrated with 5 lg/ml TM and 10 lM flg22. Plant tissues were collected at indicated time points after chemical treatment. The tissue was frozen in liquid nitrogen and kept in -80°C. Ground tissue aliquots (100 ll) were mixed with 100 ll of protein extraction buffer (100 mM Tris, 150 mM NaCl, 1 mM EDTA, 0.50% NP-40, protease inhibitors), vigorously vortexed, and centrifuged at 12,000g for 5 min at 4°C. The same volume of supernatant for every sample was loaded on 12% SDS-PAGE gel and transferred to polyvinylidene difluoride membrane using Turbo-blot (Bio-Rad, Berkeley, CA. USA). Ponceau S staining was performed prior to blocking in 4% skim milk to verify equal loading. 19 TBST (Trisbased saline containing 0.05% Tween-20) was used for membrane washing. PR1 primary antibody (1:2,000 dilution, 4°C, overnight) and HRP-conjugated goat anti-rabbit IgG secondary antibody (2-4 h at room temperature) were used for PR1 detection. Detection was performed by an enhanced chemiluminescence kit (Thermo Scientific, Rockford, IL. USA). Five-week-old leaves were infiltrated with various concentrations of TM (1, 3, 5, and 10 lg/ml) or 10 ll/ml dimethyl sulfoxide (DMSO) as a control, and symptom was observed every 24 h. (B) TM-induced pathogenesis-related protein 1 (PR1) expression was investigated in Arabidopsis grown at short day chamber. Five-week-old leaves infiltrated with TM (1, 3, and 5 lg/ml) were collected every 24 h for 4 days (dpi, days post-infiltration). The crude proteins extracted from the same amount of ground tissue were subjected for SDS-PAGE and Western blot analysis. Ponceau S staining was used as a loading control. (C) TM infiltration-induced callose in the cell wall. Four-week-old leaves were infiltrated with 20 lg/ml TM or 10 ll/ml DMSO as control. Callose depositions were visualized using OPTIKA fluorescence microscope. (D) TM-and flg22-induced PR1 accumulation was investigated by infiltrating Arabidopsis with 5 lg/ml TM, 10 lM flg22, 10 ll/ml DMSO individually, or co-infiltrating with 5 lg/ml TM and 10 lM flg22. Western blot analysis was conducted using samples taken at 0 and 24 h post-infiltration (hpi). All data are representative of three independent experiments
Callose deposition analysis
Four-week-old plant leaves were syringe-infiltrated with different concentration of TM or DMSO and collected after 16 h. Whole leaves were collected in 6-well plates and shaken with 5 ml lactophenol at 60 rpm for 15 min. After discarding the solution, leaves were dried at 65°C dry oven for 30 min and shaken overnight with lactophenol. The dried leaves were stained with methyl blue and mounted in 50% glycerol. Methyl blue-stained callose was examined with a fluorescent microscope (OPTICA, Italy). Four leaves were prepared for each treatment. The number of callose was counted from randomized microscopic pictures.
Ion leakage analysis
Three leaves per a 4-5-week-old plant were infiltrated with 10 lg/ml TM or 10 ll/ml DMSO, and then inoculated with bacteria at 24 h after chemical infiltration. Twelve leaf disks from every treatment collected by a cork borer were floated in individual conical tubes with 50 ml distilled water and shaken at 60 rpm. After 30 min, the wash water was replaced with 12 ml of freshwater, and the conductance of the water containing a leaf was measured every 2 h for 12 h. These experiments were repeated at least three times.
Results
ER stress induces accumulation of PR1 and callose deposition in Arabidopsis
To evaluate the effects of ER stress on plant immune system, the N-glycosylation inhibitor tunicamycin (TM) was used to trigger ER stress in plant. TM was infiltrated in various concentrations (1, 3, 5, and 10 lg/ml in 1% DMSO) into the wild-type Col-0 plants and investigated the accumulation of PR1 which is a marker protein of salicylic acid-related immune system activation. After TM infiltration, leaves were harvested every 24 h for 4 days. TM-infiltrated leaves (3, 5, and 10 lg/ml) showed yellowish color and texture changes at day 3 and 4 ( Fig. 1A) . Western blot analysis revealed that PR1 was accumulated after TM treatment even at a low concentration, 1 lg/ml (Fig. 1B) . Callose deposition was also observed in the cell wall of 20 lg/ml TM-infiltrated leaves (Fig. 1C ). PR1 and callose accumulation by TM treatment indicate that TMinduced ER stress might activate PTI pathway in plants.
Hence, we evaluated the PR1 induction by flg22 and TM individually and with double treatment (flg22 ? TM) to examine the relationship between PAMP and ER stress in plant immunity. The PR1 accumulation (Fig. 1D ) and transcription level (Fig. 2) were higher in the double treatment compared to both single treatments, indicating that the PR1 accumulation by TM treatment might be independent of that by FLS2-related PTI pathway.
ER stress increases bacterial growth in Arabidopsis
To determine the effect of ER stress on plant ETI response, we compared the growth of Arabidopsis-host and non-host bacterial pathogens in Arabidopsis under ER stress condition. We infiltrated 5 lg/ml TM or 10 ll/ml DMSO for mock in 6-week-old Col-0. After 24 h, TM-and DMSOpre-infiltrated leaves were inoculated with the hostpathogen (compatible) Pto EV, incompatible pathogens AvrRpm1 and AvrRpt2, or TTSS-deficient mutant hrcC -to compare bacterial growth (10 5 cfu/ml) and disease symptom (10 6 cfu/ml). If TM activates plant immune system and makes plants get ready to a subsequent penetration of pathogens, TM-pre-treated plants showed lower sensitivity to pathogens. However, 10-100-fold higher bacterial growth level and obvious disease symptom were observed in TM-pre-treated leaves than the control by all bacterial strains containing compatible and incompatible pathogens and hrcC - (Fig. 3A, B) . In addition, a non-host-pathogen Pph and a necrotrophic pathogen Ecc (both inoculated in a concentration of 10 5 cfu/ml) also grew approximately 100-fold higher (Fig. 3C, D) and revealed enhanced disease symptoms (data not shown) in TM-pre-infiltrated leaves than the control.
Cell death by excessive ER stress is independent of ETI-triggered HR
Cell death by excessive ER stress induced by high concentration of TM (10 lg/ml) and ETI-triggered HR was quantitatively monitored by the release of electrolytes from dead cells. Ion leakage from bacteria-inoculated (10 7 cfu/ ml) leaves was higher in the TM-pre-infiltrated leaves than in the TM non-treated controls (Fig. 4) . The leakage in the TM/Pto EV double treated leaves was higher than that in the bacteria-only treated and the same as that in the TMonly treated, implying the cell death in the TM/Pto EVtreated leaves was induced primarily by TM (Fig. 4A) .
On the other hand, a double treatment of TM with the exogenous bacterial effector protein-expressing Pto strains (AvrRpm1 and AvrRpt2), which are incompatible with Arabidopsis, revealed an additive cell death effect to the single treatment of TM or bacteria (Fig. 4B, C) , indicating that the pathway of TM-induced cell death is independent of the ETI-triggered HR. Predictably, TTSS-deficient bacteria hrcC -didn't show that additive effect (Fig. 4D ). Both Pto delta CEL mutant strain that lacks 6 open-reading frames present in the conserved effector locus (CEL) [13] and AvrE delta CEL strain that expresses a Pto innate effector protein AvrE on Pto delta CEL background also showed a similar electrolyte release pattern with Pto and hrcC, but not an additive effect on TM-induced cell death (Fig. 5) . Pto EV, Pseudomonas syrangae pv tomato DC3000; AvrRpm1, Pto expressing AvrRpm1; AvrRpt2, Pto expressing AvrRpt2; hrcC -, Pto hrcC -; Pph, P. syringae pv phaseolicola; Ecc, Erwinia carotovora subsp carotovora. 
Discussion
In this study, we investigated the relationship between ER stress and immunity in plant by utilizing the N-glycosylation inhibitor, TM as an ER stress inducer. TM led to the accumulation of PR1 and callose in the treated leaves, probably via a pathway that is independent of FLS2-mediated PTI (Fig. 1) . The PR1 level induced by double treatment was higher than that by the single treatments and might be due to the possibility that FLS2 doesn't depend on N-glycosylation for its function [23] [24] [25] and TM also likely use FLS2-independent signaling pathway to induce PR1.
As PR1 has been known as a SAR mediator as well as a PTI activation marker, we thought that TM-induced ER stress might increase pathogen resistance throughout the plant. However, Arabidopsis became sensitive to bacterial pathogens of various criteria, compatible, incompatible, non-host, and necrotrophic pathogens by TM treatment (Fig. 3) . Moreover, TM resulted in cell death by itself and additively increased the cell death by incompatible pathogen-triggered HR (Fig. 4) . These results imply that TMinduced ER stress weakens overall immune system of plant and not a specific immune pathway. Moreover, the cell death by excessive ER stress might weaken plant immunity unlike the cell death by HR that is a defense mechanism of plants. A recent study reported that TM-induced ER stress inhibited HRT (a disease resistance protein that recognizes a virus coat protein)-mediated HR [26] , but in our research, RPM1-and RPS2-mediated HR were not regulated by TM. The immune suppression by TM is probably achieved via disruption of post-translational modification of immunerelated proteins in the ER and subsequent apoptosis or autophagy regulated by ERAD. The ER stress has been suggested to have both pro-survival and pro-death functions in plant immunity [27] , but a partial activation of defense system proved by PTI activation markers (PR1 and callose accumulation) (Fig. 1) was probably offset in the net effect by the ER stress-induced immune suppression.
ER quality control is essential for PRRs, antimicrobial proteins, and immune signaling components in plant and animals. Therefore, disturbance of ERQC is one of the primary causes for pathogens to achieve host cell infection. Our findings in the current study clearly demonstrated that plants become susceptible to pathogens under excessive ER stress and UPR failure; therefore, normal ER function and ERQC is crucial for plant immune system.
